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The application of petrography, mineral chemistry, geochemistry, and experimental petrology, including mineral^melt thermodynamic and diffusion modelling, on quenched basanitic magma samples from the recent (2011^2012) submarine eruption of El Hierro (Canary Islands) has permitted the identification of major physico-chemical variations prior to and during magma eruption that correlate in time with monitored geophysical changes. After nearly 3 months of seismic unrest the eruption of El Hierro started on October 10, 2011 and ended by late February 2012. We studied 10 lava balloons and pyroclastic fragments collected floating on the sea surface between October 15 and late January. Based on petrological and geophysical data we distinguish two main eruptive episodes. Magma erupted from the beginning of the eruption until late November 2011 was an evolved basanite (%5 wt % MgO), changing to more primitive compositions (%8^9 wt % MgO) with time, thus suggesting extraction from a compositionally zoned magma system. Experimental data and mineral^melt thermodynamic modelling indicate that the erupted magma equilibrated at a pressure of about 400 MPa, which corresponds to a depth of 12^15 km. This depth is consistent with the location of the crust^mantle discontinuity beneath El Hierro and with the hypocentral location of seismicity during the unrest episode. Preliminary modelling of the olivine chemical zoning of crystals erupted in this first episode suggests that the time scale for basanite fractionation and magma replenishment in the shallower reservoir was of the order of a few months. This is within the same time frame as the duration of the unrest episode preceding the eruption. The first eruption episode coincided with intense seismicity mostly located north of the island, first at a depth of 20^25 km and a few days later also at 10^15 km depth, with strong seismic tremor beneath the vent site. An abrupt change in magma composition and crystal content was observed at the end of November 2011. After that, more primitive and less viscous magma erupted contemporaneously with a change in the frequency and intensity of seismic events. During this period, seismicity was mostly north of the island at depths of 10^15 km. At the same time the tremor intensity at the eruption site significantly dropped. This marked the onset of the second eruption episode, which is correlated with an intrusion of fresh, more primitive magma into the shallow magmatic system that raised the temperature of the remaining magma. Experiments reveal that subtle changes in temperature of about 508C (i.e. 11001 1508C) were enough to produce large changes in the crystal content (10^60 wt %). This non-linear behaviour between crystal content and temperature had important effects on magma dynamics during transport and cooling. Our results suggest the existence of two interconnected mafic magma reservoirs during the El Hierro eruption, which agrees with the pattern shown by the seismicity. Stress readjustments of the plumbing system, caused by decompression during the eruption, influenced the thermodynamic evolution of the erupting magma and facilitated the intrusion of the deeper magma into the shallow reservoir, thus forcing a change in its rheological characteristics and eruption dynamics.
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I N T RO D UC T I O N
Movement and accumulation of magma beneath dormant volcanoes can be monitored through characteristic seismic signals and accurate measurements of ground deformation, which are used to forecast eventual volcanic eruptions (Sparks, 2003) . The interpretation of these geophysical and geodetic signals can be significantly improved by knowing the essential physical properties of the magmas such as viscosity, vesicularity, amount and composition of dissolved volatiles, crystal content and temperature, among others (Blundy & Cashman, 2008; Lavalle¤ e et al., 2008; Giordano et al., 2010; Longo et al., 2012) . These can be constrained by means of experimental phase equilibria studies of volcanic products (Martel et al., 1998; Pichavant et al., 2002 Pichavant et al., , 2009 ). Geophysical monitoring is a fundamental tool to understand deep-seated processes related to magma migration and magma chamber recharge that normally precede volcanic eruptions (Sigmundsson et al., 2010) . Characterization of magma physics using phase equilibria and the chemical composition of volcanic products offers an excellent opportunity to establish causeê ffect relationships between magma dynamics and geophysical signals (e.g. Kahl et al., 2011; Saunders et al., 2012) .
Here we present a strong correlation between monitored geophysical signals, changes in magma physics, and petrological properties of products of the 2011^2012 El Hierro submarine eruption in the Canary Islands. We have analysed the whole-rock and mineral compositions of magma fragments collected at different times during the eruption. Phase equilibria were determined by using mineral^melt thermometry, thermodynamic modelling and laboratory experiments. First-order constraints on the magma residence time were calculated based on olivine diffusion modelling. Our results show that a direct (time) correlation between magma evolution and geophysical signals can potentially be established and used to interpret unrest and eruption dynamics.
G E O L O G I C A L S E T T I N G
The Canary Islands form a chain of seven main volcanic islands located off the northwestern continental shelf of Africa, constructed on a Jurassic age oceanic crust (Schmincke & Sumita, 1998; Fig. 1) . Several contrasting models have been proposed to explain their origin. These include a hotspot origin (Schmincke, 1982; Hoernle & Schmincke, 1993; Carracedo et al., 1998) , a propagating fracture from the Atlas Mountains (Le Pichon & Fox, 1971; Anguita & Herna¤ n, 1975) , and mantle decompression melting associated with uplift of tectonic blocks (Aran‹ a & Ortiz, 1991) . A unifying model has been proposed by Anguita & Herna¤ n (2000) , who considered the existence of a residue of a fossil mantle plume under North Africa, the Canary Islands, and western and central Europe defined through seismic tomography (Hoernle et al., 1995) and its interaction with tectonic processes that affect the lithosphere in this region.
El Hierro is the youngest of the Canary Islands, with the oldest exposed subaerial rocks having an age of 1·12 Ma (Guillou et al., 1996) ; it is located at the southwestern end of the island chain (Fig. 1) . El Hierro lavas range from alkaline basanites and picro-basalt to highly alkaline basanite and picrite to phonolite (Stroncik et al., 2009; Day et al., 2010) . From petrological studies (Neumann et al., 1999; Klu« gel et al., 2005) , it is inferred that mafic eruptions in the Canary Islands are fed by single batches of asthenosphere-derived magmas. Stroncik et al. (2009) have suggested that the plumbing system beneath El Hierro is characterized by multi-stage ascent of magmas. Geophysical studies (Bosshard & MacFarlane, 1970; Watts, 1994) indicate that the base of the crust below El Hierro is at a depth of 13^15 km.
OV E RV I E W O F T H E 2 011^2 012 S U B M A R I N E E RU P T I O N
The eruption began on October 10, 2011 at 4:30 a.m., at a depth of 900 m below sea level (m bsl) on a north^south-trending fissure located along the southern rift zone of the island (Fig. 1) . During the first 4 days the locus of the eruption migrated north, establishing a permanent central conduit and a main vent at 300 m depth, around which a volcanic edifice was constructed by accumulation of the erupted material. When the eruption ceased in late February 2012, the top of this volcanic cone was located at 88 m bsl (www.ieo.es). During the eruption, highly vesiculated lava balloons (see Keuppers et al., 2012) up to 1m across and small pyroclastic fragments sporadically appeared at the sea surface, where they remained floating for minutes to a few hours before sinking.
The eruption was preceded by an episode of unrest activity that began on July 17, 2011 and was characterized by heightened seismicity, surface deformation, and gas emissions (Lo¤ pez et al., 2012) . During the first 2 months of unrest, seismic activity was concentrated at the north of the island, with most of the hypocentres located at a depth of 12^15 km (Fig. 2) . During the second week of September the location of seismicity migrated towards the south by more than 14 km along a north^south linear trend, and by the end of September shifted to the east by about 5 km, always at the same depth , until the onset of the eruption, which was preceded by a very shallow seismic swarm (Lo¤ pez et al., 2012) . The eruption was characterized by continuous tremor of variable intensity, originating from the vent site (Fig. 3) , and by tectonic and volcano-tectonic seismicity, although this activity was confined to the region north of the island (for a complete catalogue of the seismic activity see www.ign.es).
Although there is significant uncertainty in locating the earthquake sources (see Lo¤ pez et al., 2012; Mart|¤ et al., 2013) , the variations in the number and location of seismic events, as well as in tremor intensity, clearly define two distinct episodes during the eruption. A period of low seismic activity during the first week of the eruption was followed by intense seismicity, first at 20^25 km depth and then at 10^15 km (Fig. 2) . During this first episode tremor intensity was high and oscillating ( Fig. 3 ; Mart|¤ et al., 2013) . By JOURNAL OF PETROLOGY VOLUME 54 NUMBER 7 JULY 2013
November 22, 2011, a second period started in which seismic activity was lower and hypocentres were all located at a depth of 10^15 km (Fig. 2) . The intensity of the tremor signal decreased considerably compared with the previous episode (Fig. 3 ). These conditions were maintained until the end of the eruption in late February 2012. Most of the tectonic and volcano-tectonic seismicity recorded during the eruption was located at the north of the island, with a similar epicentral location to that during the first 2 months of unrest. The reader is referred to the papers by Lo¤ pez et al. (2012) and Mart|¤ et al. (2013) for more information on the geophysical data recorded during El Hierro unrest and eruption episodes.
M E T H O D S Sampling and analytical^experimental techniques
Samples of the floating lava balloons and pyroclastic fragments were collected for petrological study. The lava balloons were up to 1m in diameter and consisted of an gas-filled cavity surrounded by a thin shell (a few centimetres thick) of quenched basanite, whereas the pyroclastic fragments are highly vesicular scoria of fine lapilli and ash size. Floating fragments of quenched basanite magma appeared on different days during the eruption. Although it is not possible to establish an exact correspondence between eruption time and appearance at the sea surface of these magma fragments, their origin (see Keuppers et al., 2012) ensures that they represent different times of the eruption, so that their study is important to characterize time variations of the main petrological parameters. The El Hierro eruption produced basanite as well as more evolved trachytic and rhyolitic compositions (e.g. Meletlidis et al., 2012; Sigmarsson et al., 2013) ; here we concentrate only on the basanites. Approximately 10 g of each sample were ground for whole-rock geochemistry. Major and trace elements were determined by X-ray fluorescence (XRF) and inductively coupled plasma mass spectrometry (ICP-MS), respectively, at the University of Granada, following the standard procedures described by Baedecker (1987) . Precision for major elements is better than 1%. Analysis of trace elements was performed following the method described by Bea (1996) ; the precision was approximately 2% and 5% error on concentrations of 50 and 5 ppm, respectively. Chips of basanite samples were mounted in epoxy resin, polished, and subsequently analysed for the major element compositions of mineral phases and glass using a JEOL JXA-8200 Superprobe at the University of Huelva. A combination of silicates and oxides were used for calibration. A defocused beam of 20 mm diameter was used for glass to minimize Na migration. The same conditions were applied to the analysis of the experimental charges. In low melt fraction experiments, a smaller beam (1 mm) was used to avoid contamination with X-rays from surrounding phases. Phase modes for natural and experimental samples are reported in wt % and were calculated by least-squares mass balance using the method of Hermann & Berry (2002) . Viscosity calculations were made from the major element data using the method of Caricchi et al. (2007) .
The sample selected as the starting material for the high-pressure experiments was basanite sample HB-6 (see below). Experiments were conducted in a Boyd^England type piston-cylinder apparatus at the University of Huelva (Spain). A 12·5 mm (half-inch) diameter talc^Pyrex^peri-clase cell was used in all experiments. Gold^palladium (Au 70 Pd 30 ) capsules of 3 mm diameter and 0·15 mm wall thickness were filled, sealed by pressure folding, and introduced into MgO pressure containers. Temperatures were measured and controlled with Pt 100^P t 87 Rh 13 thermocouples wired to Eurotherm 808 controllers. Oil pressures were measured with electronic DRUCK PTX 1400 pressure transmitters, connected to OMRON E5CK controllers. Pressure was corrected manually and maintained within a narrow range of AE5 bar oil pressure, equivalent to AE250 bar on the sample. Heating proceeded at the maximum rate allowed by the system of 100 K min^1. The hotpiston-out technique was used to minimize friction effects of the talc^Pyrex^periclase cell (McDade et al., 2002) . After the desired run time, the experiments were quenched at a rate of more than 100 K s^1 by switching the power off. Fast cooling was crucial to avoid the formation of crystals during quenching. After quenching, capsules were examined under a binocular microscope for tears and checked for proximity of the thermocouple during the run.
Oxygen fugacity was intrinsically buffered by the Fe 3þ /Fe 2þ ratio and oxide assemblage of the natural starting material, which is close to the Ni^NiO (NNO) buffer according to previous determinations for basanite rocks from the same eruptive environment (Ablay et al., 1995) . This value of oxygen fugacity was tested with the MELTS code (Ghiorso & Sack, 1995; Asimow & Ghiorso, 1998) by reproducing mineral assemblages and crystallization sequences, paying special attention to the Fe-oxides. Furthermore, because metal capsules are permeable to H þ at high temperatures we added a mixture of suitable proportions of Ni and NiO to the MgO pressure medium surrounding the capsule with the aim of fixing externally the fO 2 at the NNO buffer. Each experiment was previously equilibrated at 12008C for 1h and then cooled to the run equilibrium temperature. Several sets of runs were performed at 0·4 GPa and variable temperature from 1050 to 12008C. A complete list of run conditions is given inTable 1.
Diffusion modelling techniques
Rim to rim electron microprobe traverses were performed across three olivine crystals in samples HB-2 and HB-3. We measured concentrations of Fe, Mg, Ca, Ni, Mn, Al, and Ti, with a spacing between analyses of 10 mm. We used Fick's second law and the concentration-dependent diffusion coefficients of Fe^Mg and Mn (Dohmen & Chakraborty, 2007) , and Ni (Petry et al., 2004) parallel to the [001] axis to model the data. For Ca we used the data of Coogan et al. [2005;  see review by Chakraborty (2010) for more details on diffusion data in olivine]. The fits were done visually, using finite differences to solve the equation. Errors in the fit of the data include those related to analytical uncertainty, the initial and boundary conditions on the pre-eruptive temperature, oxygen fugacity and crystal axis, and on the diffusion coefficient. Variation of the initial conditions and scatter of the data yield time of diffusion errors of the order of AE50%. Temperature and fO 2 uncertainties in this study were limited because they were constrained by experimental data. We used diffusion parallel to the [001] axis which is about six times faster than that parallel to the [100] or [010] axes; thus, in principle, the diffusion times could be up to a factor of six longer. The error on the diffusion coefficients is typically the largest one. However, we modelled Fe^Mg, Mn, Ca, and Ni using four independently determined diffusion coefficients and found times for all elements that were within AE50%. This shows that the error on the diffusion coefficient for these elements and at these conditions should not be much larger than the error in the time determinations that we obtained (Costa & Dungan, 2005; Costa et al., 2008) .
R E S U LT S Whole-rock compositions
Whole-rock chemical compositions are given inTable 2. All samples are basanite in composition, similar to older El Hierro eruptions (Stroncik et al., 2009 ) and those of the other Canary Islands (Lustrino & Wilson, 2007) (Fig. 4a ). They follow a differentiation trend similar to that observed during previous eruptive events on El Hierro over a period of more than 1 Myr. The basanites are strongly vesiculated and contain scarce phenocrysts (42 mm diameter) and microphenocrsyts (52 mm diameter) of chromite (Chr), ulvo« spinel (Usp), olivine (Ol), clinopyroxene (Cpx) and occasionally plagioclase (Pl). Geochemical variation diagrams (Fig. 4) show that the erupted magmas were variably fractionated at shallow depths, within the stability field of olivine. Inter-element variation diagrams show clear evidence of differentiation by crystal fractionation. Refractory-to-incompatible (R/I) element variation diagrams ( Fig. 4e and g ) (Maaloe, 1985) indicate a dominant process of fractional crystallization rather than one controlled by variable degrees of partial melting. The relationships between MgO vs Cr, and Ni vs Cr ( Fig. 4f and h ) show variation trends from more primitive samples (MgO48 wt %), in which only chromite is involved in the fractionation process, to more evolved samples (MgO % 5^7 wt %), in which clinopyroxene and olivine are the dominant fractionating minerals. The erupted products define a continuous differentiation trend in which olivine and Ti-rich magnetite (ulvo« spinel) played the most important role. In contrast, the nearly constant MgO content of the glasses (Fig. 5b) suggests that temperature was nearly uniform during the eruptive process
Mineral assemblages
Important changes in the mineralogy of the erupted products with time are observed. A prominent feature is the presence of chromite as a liquidus phase, predating the crystallization of olivine and clinopyroxene. The stability of chromite prior to olivine implies highly oxidizing conditions, close to the NNO buffer during crystallization. Thermodynamic modelling with the MELTS code (Ghiorso & Sack, 1995; Asimow & Ghiorso, 1998) requires oxidizing conditions at the NNO buffer to reproduce the same crystallization sequence. A general feature is the disequilibrium between olivine and coexisting glass in terms of Fe/Mg ratio (Fig. 6) . In all cases, the melt (glass) is NNO, Ni-NiO buffer, fixed by intrinsic buffering and external buffer with addition of Ni-NiO to the MgO container. Modal (%) was calculated by mass balance; residual total error is four for ACHB-10C, three for ACHB-7and zero for ACHB-8. Major elements (wt %)
Trace elements (ppm )   Li  9·22  8·07  8·92  8·20  6·04  9·18  8·56  7·27  7·78  8·34  7·30   Be  2·84  2·45  2·67  2·48  2·03  2·81  2·59  2·19  2·31  2·52  2·19   Sc  16·4  20·1  22·33  20·2  19·4  24·4  26·5  24·8  26·1  29·0  24·9   V  261  277  338  302  298  321  342  337  361  399  345   Cr  23·3  123  297  179  154  110  217  354  374  340  329   Co  37·1  82  45·3  40·2  61·9  80·3  81·7  46  49·3  53·6  46·5   Ni  41·2  74·9  96·9  80·2  89·9  59·6  114  141  154  166  142   Cu  71·2  68·3  77·2  69·8  72·9  80·0  87·6  86·9  93·8  103  103   Zn  151  140  146  134  130  154  154  130  136  151  129   Ga  25·9  23·5  25·7  23·5  20·5  26·2  25·7  22·5  23·6  25·8  22·2   Rb  37·6  34·3  35·5  30·7  26·9  35·6  34·5  27·9  28·6  31·4  26·8   Sr  1079  982  993  901  707  1117  1060  831  865  951  823   Y  3 6 ·7  33·2  37·1  33·1  24·6  37·9  35·9  30·8  31·9  34·8  30·3   Zr  291  286  402  367  261  410  381  379  371  371  371   Nb  78·1  72·1  72·7  66·7  50·4  80·3  73·9  61·3  63·8  68·4  59·9   Cs  0·64  0·61  0·48  0·41  0·47  0·50  0·49  0·37  0·40  0·44  0·38   Ba  414  376  426  391  331  426  396  359  379  403  355   La  66·9  59·7  62·6  57·3  50·2  65·3  59·8  49·3  52·1  55·2  48·4   Ce  135  121  132  120  104  138  126  104  110  118  103   Pr  16·3  14·7  16·6  15·1  12·9  17·4  15·9  13·2  14  14·9  13·03   Nd  64·9  59·2  69·4  62·6  52·8  71·3  66·1  56·1  59·4  63·7  55·05   Sm  12·5  11·6  13·9  12·4  11·0  14·3  13·5  11·5  12·0  13·1  11·2   Eu  3·83  3·57  4·32  3·99  3·37  4·40  4·13  3·68  3·87  4·16  3·62   Gd  10·2  9·49  11·6  10·6  9·09  11·9  11·2  9·74  10·3  11·1  9·62   Tb  1·37  1·28  1·47  1·36  1·21  1·51  1·44  1·28  1·33  1·42  1·26   Dy  6·99  6·57  8·39  7·58  6·36  8·39  7·78  6·98  7·32  8·01  6·88   Ho  1·25  1·18  1·41  1·27  1·11  1·38  1·31  1·18  1·24  1·33  1·16   Er  3·00  2·73  3·42  2·99  2·57  3·28  3·04  2·78  2·92  3·14  2·70   Tm  0·40  0·37  0·40  0·37  0·34  0·40  0·38  0·35  0·36  0·38  0·34 (continued) JOURNAL OF PETROLOGY VOLUME 54 NUMBER 7 JULY 2013 more evolved than predicted by the olivine composition, which implies that some fraction of olivine (5^8 wt %, depending on the sample) was removed.
Crystal habits, modal abundances and microprobe analyses for the ten analysed samples are given in Figs 7  and 8 and Table 3 . Ulvo« spinel usually displays skeletal habit and appears as inclusions in olivine (Fig. 7a , e, h and l). Olivine shows a large variety of shapes and zoning patterns including skeletal, euhedral normally zoned (decreasing Fo content), virtually unzoned, reversely zoned, and partially dissolved crystals (Fig. 7a, b, d , h, j, o and p). Euhedral and skeletal olivine is present in most samples. In contrast, clinopyroxene is euhedral, with frequent concentric and patchy zoning and quenching textures (Fig. 7c, f , g, i, k and n). Quenched pyroxenes are found in several samples, typical of ultra-rapid cooling in submarine environments (Allen et al., 2008) . These quenching textures are represented by star-like (Fig. 7g ) and herringbone crystals (Fig. 7h) . Plagioclase is present only as microlites (Fig. 7h) . Textural analysis and density measurements of samples indicate that vesicularity is always present but in different proportions, nearly double in the more evolved (poorer in MgO) samples (HB-1, HB-2, HB-3 and HB-7) compared with the more primitive (richer in MgO) samples (HB-8 to HB-11). Flow structures are highlighted by the orientation of plagioclase microlites around olivine phenocrysts (Fig. 7o) and by the orientation of vesicles. Clinopyroxene phenocrysts may form synneusis textures and appear zoned with concentric and patching zoning (Fig. 7) .
Olivine chemical zoning and time scales of processes
Backscattered electron (BSE) images show that olivine displays a variety of zoning patterns and shapes. Rim compositions become progressively more Fo-rich with time in the eruption sequence, consistent with the increase in Mg# of the erupted rocks (Fig. 4) . Given the variety of zoning patterns and shapes, a detailed study of olivine textures and compositions is beyond the scope of this paper, and will be the subject of future work. Here we report the first results on samples from the early eruption episode to address whether crystal zoning patterns can be integrated with the rest of the seismic and experimental dataset we report.
BSE images of olivine crystals from the early episode (samples HB-1 to HB-5) appear to have a normal zoning pattern that shows up as dark cores surrounded by bright rims, implying that Fe increases towards the rim. However, three quantitative electron microprobe profiles show that between the cores and the rims there is a reversely zoned part of higher Fo and Ni content (Fig. 9) . Such reverse zoning patterns can be interpreted as the result of the arrival of more primitive magma into an evolved reservoir followed by crystal fractionation (e.g. Kahl et al., 2011) . Moreover, the traverses also show a variety of core plateau compositions from Fo 83 to Fo 77 , which suggest that the mafic magmas below El Hierro were variably differentiated before a new mafic magma intrusion arrived from depth.
Given enough time and high magmatic temperatures, the different parts of the olivine crystals will tend to equilibrate owing to volume diffusion. Here we use the approach described by Costa et al. (2008) and Kahl et al. (2011) to estimate magma residence times from the compositional zoning of these crystals. The initial conditions were determined by the shape of the profiles and the observation that the olivine phenocrysts have skeletal rims, indicating a final fast growth event with constant composition and thus justifying the use of the plateaux for the last step. The maximum concentrations for the initial profile of the reversely zoned area were taken to be the same as or slightly higher than the measured values. Two out of the three crystals were amenable for modelling, given the spatial resolution and analytical precision of our analyses. The results show that calculated times overlap with 50% error for all elements (Fe^Mg, Ca, Ni, Mn); both crystals give values of between 1·5 and 3 months. Moreover, the best-fit zoning is obtained in two steps: (1) core to reverse zone ( Fig. 9) gives about 1^2 months; (2) reversed to normal skeletal rims takes about 1 month. Other initial conditions were tried, but the total diffusion times were always of about a few months. The first step could be related to intrusion of deep primitive magma into a shallower reservoir that contained variably evolved and differentiating mafic magma. The second step represents olivine skeletal growth and partly re-equilibration with an evolved liquid that occurred about a month before eruption (Fig. 9g) . The skeletal nature of the crystals and the short times could be associated with magma movement from the shallow reservoir towards the surface, and perhaps crystallization and reequilibration within a dike system. These processes are a reflection of the early eruptive episode and not of the second replenishment event. Future work on olivine crystals of the overall eruption sequence will allow us to better track the different processes and confirm, or not, those that we propose here.
Experimental results
The intensive variables of the magma prior to eruption were determined using different approaches. Pressure was fixed at 400 MPa according to the depth of the earthquakes associated with the unrest episode that preceded magma eruption (Lo¤ pez et al., 2012) . Consequently, we assume that all petrological processes in the first stage or step occurred within a magma system at a depth of 12^15 km, the average depth of pre-eruptive seismicity. Because olivine^liquid thermometry cannot be applied because of the general olivine^liquid disequilibrium mentioned above, we use the clinopyroxene^liquid thermometer of Putirka (2008) (Table 3 ). The presence of clinopyroxene crystallized in the latest stage during quenching implies advanced fractionation of the liquid. Consequently, we decided to perform an experimental study to more precisely determine the pre-eruptive magma temperature, phenocryst assemblage and modal proportions.
Several attempts were made to fit the observed phenocryst assemblage of the erupted basanite with the experimental mineralogy. Initially, we used the basanite lava balloon sample HB-6 as the starting material. This was the most primitive material available at the time of the study, which was made during the eruption and before the eruption of more primitive magma in its last days. Results at different pressures (not shown) demonstrated that this system was unable to reproduce the characteristic crystallization sequence of the studied basanites: chromite ! ulvo« spinel ! olivine ! clinopyroxene ! plagioclase. The reason is that sample HB-6, like the rest of the El Hierro basanites, has experienced olivine fractionation (Fig. 6 ). Experiments with this composition systematically produced the sequence spinel ! clinopyroxene ! olivine. We reconstructed the original composition by addition of the fraction of forsteritic olivine required to fit the olivine^liquid equilibrium at Roeder & Emslie, 1970; Putirka, 2008) . Accordingly, we added 8 wt % of forsterite to HB-6 (Fig. 6) . The results we report here (Table 1 ; Fig. 10 ) correspond to experiments with this doped starting material. These reproduce the crystallization sequence and mineral compositions observed in the erupted basanites fairly well.
Representative images of textures and mineral assemblages in experimental runs are compared with natural lava fragments (Fig. 10) to constrain the pre-eruptive and syn-eruptive intensive variables. Experimental results show a sudden increase in mass crystal fraction (È) (as determined from mass balance), from very low values of È ¼ 0·08 at 11508C (Fig. 10a) to È ¼ 0·52 at 11008C (Fig. 10b) . At 10508C, the crystal content is too high (È40·6), overpassing the rheological threshold at which crystals begin to interact mechanically with each other, and the system starts to behave like a solid framework, thus reducing the ability of the magma to flow (Arzi, 1978; Vigneresse et al., 1996; Caricchi et al., 2007) .
D I S C U S S I O N Petrology and magmatic evolution
Olivine is the most important early phase crystallizing in the basanite system, and thus we use MgO as a geochemical parameter to evaluate magma evolution, and episodes of magma recharge and differentiation. The MgO content changes from 5 wt % in the first samples collected in October 2011 to about 8 wt % in the latest ones collected in January 2012 (Fig. 5 ). This change was not continuous and two main episodes in magma evolution can be recognized. The first episode, extending from the initiation of the eruption to late November 2011, was characterized by a continuous increase in MgO and crystal content, which suggests the evacuation of a zoned, differentiating magma system. The second episode started in early December 2011 and was characterized by an increase in crystallinity and MgO with time, but also by the absence of crystal fractionation. The basanites from the second eruptive episode are the most primitive of the whole eruption and do not appear to have evolved in a shallow magma system as have the previous magmas. The change between the first and second eruptive episodes is compatible with a recharge of the shallow magma system with fresh magma coming from a deeper reservoir.
Of the two possible magma reservoirs detected by the two maxima in the depth of seismic foci (Fig. 2) , we propose that the shallower one (12^15 km), formed during the pre-eruptive stage and was the place of magma differentiation. The available mineral^melt equilibrium relations for the basanite rocks (e.g. the pyroxene^liquid thermobarometer) cannot resolve pressure differences of about 2 kbar, so the presence of a deeper reservoir located at a depth of 20^25 km, which has been identified from the location of seismicity during the eruption, cannot be confirmed with petrological data. However, it is most likely that deeper magma was injected several times into the shallow reservoir during unrest and eruption as recorded by the reverse zoning patterns in olivine erupted in the first episode.
The modeling of olivine compositional profiles shows that olivine crystallized and was incompletely re-equilibrated in a total time of a few months, during progressive accumulation of fresh magma in a shallow magma reservoir, from the initiation of unrest to its final eruption (Fig. 9 ). This is in agreement with inferences about the formation of the shallow magma reservoir based on hypocentre locations of seismicity during the unrest episode (Lo¤ pez et al., 2012) . Additional evidence in favour of rapid differentiation, zonation, and new magma intrusion from depth in the erupted basanite during the first episode is the overall compositional disequilibrium between glass and olivine in all samples. Even the skeletal olivine rims have Mg# higher than expected for equilibrium (Fig. 6 ), although such disequilibrium could be due to the fast Glass (52) Cpx (29) Ol (14) Pl (2) Usp (2) Chr-TiMt (1) Glass (82) Cpx (7) Ol (6) Usp (2) Pl (1·5) Chr-TiMt (0·5)
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Glass (75) Cpx (15) Ol (7) Usp (2) Chr-TiMt (1) Pl (51) Glass (76) Cpx (14) Ol (7) Chr-TiMt (4) Pl (51) Glass (74) Cpx (15) Ol (6) Chr-TiMt (3) Pl ( Ghiorso & Sack, 1995; Asimow & Ghiorso, 1998) using the same intensive parameters as the experimental runs. The clinopyroxene^liquid equilibria are not well constrained within the critical temperature range (critical T range), which is between 1100 and 11508C, and crystallinity (È) between 0·08 and 0·53.
growth rates implied by the skeletal shape. Variable depletion by 5^8 wt % forsterite is required to bring olivine^liquid pairs to the equilibrium ratio K D (Fe^Mg) ol^liq ¼ 0·30 AE 0·03 (Putirka, 2008) . Olivine fractionation was an important process in the early erupted magma (MgO % 5 wt %), compared with the less fractionated samples of the late magma emissions (MgO %8 wt %). The observed geochemical variation trends (Fig. 3) can be accounted for by crystal fractionation involving the most important phases present in the system (i.e. olivine, chromite and clinopyroxene). Other processes such as mixing of magmas and crystal capture (e.g. olivine xenocrysts) may have contributed to a minor extent to the observed variations.
The shift of seismic foci to shallower depths at the end of the first eruptive episode is coincident with a shift to more primitive compositions of the erupted magmas. Crystal fractionation was not operative during the second episode. We suggest that the shallow magma system was exhausted at this time and that magma was transported directly from the deeper one to the surface.
Moreover, it can be inferred from the experimental results that for temperatures of around 10508C, the rheological threshold that determines the ability of a magma to flow is surpassed, limiting the probability of eruption (Marsh, 1981) because of the large viscosity increase produced by friction between crystals. The implication is that the critical transition from fluid magma to crystal-rich mush behaviour can occur by decreasing the temperature by only 508C, as our experimental results show. A direct comparison between the modal mineralogy of the experiments and the natural rocks (Fig. 11) indicates that the erupted magma in the 2011^2012 El Hierro eruption was constrained to a narrow temperature interval of about 708C (from 11808C of HB-1 to 11108C of HB-5), half of the temperature range predicted by clinopyroxene^liquid exchange thermometry (Fig. 11, right panel) . The sudden change in viscosity owing to the critical rheological transition over a narrow temperature interval observed at the end of the first eruptive episode may have reduced the mobility of magma from the shallow system. This may have also contributed to the stress readjustment of the plumbing system, increasing the internal pressure in the deeper part and providing the excess pressure necessary to cause a new intrusion event.
Relations with seismic signals
The change in the bulk MgO content of the erupted products is a record of magma fractionation and, hence, of magma accumulation in a reservoir. Such compositional changes may be also related to seismic signals indicating evacuation and recharge of the magma system. In a similar way, pre-and syn-eruptive variables such as temperature, crystal content and viscosity, determined by the petrological study, can be compared with geophysical signals. According to these specific features, it is possible to identify two main eruptive episodes that correspond to the changes in monitored seismic signals explained above (Fig. 12) .
Seismicity during the unrest stage (pre-eruptive stage; Fig. 12 , upper panel) started on July 17, 2011, and reflects the emplacement of deeper basanitic magma into a shallower reservoir, located at the crust^mantle boundary beneath the northern side of El Hierro island (Lo¤ pez et al., 2012) . The maximum frequency of earthquakes ( Fig. 12 ; grey histogram in lower panel) occurs in the early, preeruptive stage during magma accumulation within the oceanic crust, with most hypocenters (Fig. 12; shaded area in the background) located at 10^15 km depth during most of the pre-eruptive stage (July and August 2011). Accumulation of a minimum of 0·2 km 3 of magma in this shallow reservoir took about 2 months and preceded the lateral migration of magma towards the SE for nearly 20 km until eruption started on October 10, 2011 . As noted above, the first eruptive episode from October 10 to the end of November 2011 is characterized by strong seismicity located first at a depth of 202 5 km and later also at a depth of 10^15 km. This period corresponds to eruption of magma with increasing crystallinity from less than 5 wt % (sample HB-1) to around 50 wt % crystals (sample HB-5). This is interpreted as the evacuation of the shallow magma reservoir that was already zoned after experiencing some crystal fractionation ( Fig. 12; upper panel) . The first magma emissions from this episode are the most fractionated, as they correspond to the magma accumulated in the upper part of the shallower reservoir for almost 3 months, from the beginning of unrest to the onset of the eruption.
As eruption progressed, the plumbing system started to decompress and become subjected to stress readjustments, first in the deeper parts and later in the shallower reservoir, as indicated by the pattern of tectonic and volcanotectonic seismicity during this first eruptive episode . This episode ended with the emission of the most crystalline and viscous magma (HB-5) of the whole eruption. In late November 2011, seismicity changed drastically in both location and frequency (see Fig. 12 ). This change in seismicity marks the initiation of the second eruptive episode in which less fractionated magmas were emitted until the end of the eruption, showing a nearly constant degree of crystallinity (Fig. 12) . We consider that the transition from the first to the second eruptive episode corresponds to an event of magma recharge of the shallower reservoir with fresh magmas probably coinciding with the partial collapse of the deeper parts of the plumbing system. As a result of this new input of fresh magma the remaining magma was reheated, changing its rheology and crystal^melt equilibrium, as indicated by the changes in composition and degree of crystallinity of the samples collected from early December 2011. During this second eruptive episode seismicity was mostly located at a depth of 10^15 km, suggesting the progressive collapse of the shallow part of the plumbing system, which would not become completely blocked until the end of the eruption in late February 2012. It seems likely that during most of this eruptive episode magma was transferred directly to the surface from the deepseated magma reservoir, with minimum residence or none in the shallow reservoir, as it is indicated by the petrological homogeneity of the samples from this episode and the absence of fractionation.
These relationships between major changes in seismicity and petrology can also be observed by comparison with changes in the intensity of the tremor signal, which shows a drastic decrease coinciding with the transition between the two eruptive episodes (Fig. 3) . The amplitude of volcanic tremor may be related to the size of the eruption conduit and vent (Chouet, 1996; Jellinek & Bercovici, 2011) and/or variations in the source (Lahr et al., 1994; McNutt, Frequency of earthquakes is represented by the grey histogram, the hypocentres by the yellow field, and the accumulated energy by the red dots and line. The earthquake depth component (yellow area) represents the total depth range. Viscosity calculations were made from major element data using the method of Caricchi et al. (2007) . Geophysical data were taken from the Spanish Geographic Institute (www.ign.es) and Mart|¤ et al. (2013). 2005). Changes in the amplitude of the tremor signal during the El Hierro eruption (Fig. 3 ) may be interpreted in terms of changes in the structure of the plumbing system, as seemed to occur in late November, but they may also reflect variations in magma rheology coinciding with these structural changes. In fact, variations in magma crystallinity, composition, temperature, volatile content and vesicularity were sufficiently important to cause significant changes in magma viscosity (up to four orders of magnitude) (Figs 5 and 12 ), which should have caused significant changes in magma rheology and dynamics.
C O N C L U D I N G R E M A R K S
The major objective of this study was the reconstruction of the magma plumbing system for the El Hierro eruption based on temporal variations in petrological features correlated with seismic signals. From the data collected it is still difficult to confirm whether the magma reacted mainly to changes in the local stress field or to changes in magma rheology, or both. On the one hand, significant rheological changes (increase in viscosity owing to the increase in crystallinity) in the magma could be caused by small variations in temperature (5508C) and in turn have an impact on magma dynamics. This could have induced a pulsating movement of magma from the reservoir to the vent, thus explaining the oscillation observed in the tremor amplitude during the whole eruptive process. On the other hand, there is little doubt that changes in the local stress field, promoted by the variations in the internal pressure of the magma, controlled its movement in the plumbing system. To answer this question better, the petrological study should be extended to the full succession of erupted products, which are by now inaccessible. The results we report are, however, still relevant to show how a time comparison between petrological and geophysical indicators during monogenetic eruptions can provide important clues about eruption dynamics and contribute to a better understanding of the eruption precursors in terms of the geological processes that accompany magma movement. This is, in turn, one of the main goals to improve eruption forecasting and, consequently, to reduce volcanic risk.
